The decidua basalis of developing mouse implantation sites is highly enriched in CD45 + leukocytes. In intact, syngeneically mated C57BL/6 decidua basalis examined at gestation day 8. 
confirmed the presence of anti-CD54 + /anti-CD11a + immune synapses in CD45 + decidual cell conjugates and characterized their cellular heterogeneity. Conjugated cell pairs were virtually absent before implantation (virgin and gestation days 3.5 and 4.5), were infrequent at gestation day 5. 
Introduction
Endometrial decidualization accompanies embryo implantation in species with hemochorial placentation, including humans and mice. Almost half the cells in the developing microdomain, called the decidua basalis, are CD45 + leukocytes, among which highly proliferative [1, 2] uterine NK cells are the most enriched, expanding cell lineage [3, 4] . Other leukocyte lineages within the decidua basalis are less frequent and stable in proportion between gd 5.5-9.5 [4] . Major MHCII + APCs, macrophages, and DCs each represent ;15-20% of all CD45 + cells [4] [5] [6] [7] [8] . Less frequent leukocyte lineages include CD4 + and CD8 + T cells (,2% each) [4, 9] .
Not only is the overall pattern of CD45 + cell frequency consistent over early pregnancy [4, 8] , but predictable dynamic changes occur within lineage subsets. Histologically, 2 distinct subsets of uNK cells develop within the mouse decidual basalis that are distinguished by reactivity with DBA lectin. DBA + and DBA 2 uNK cells appear to be functionally distinct [10] [11] [12] and differ from circulating NK cells, because their differentiation is independent of the transcription factor NFIL3 (E4BP4) [13] (unpublished results). Flow cytometry of decidual cell suspensions identified multiple uNK cell subsets. In mice of C57BL/6 (B6) background, CD122 + uNK cell subsets can be distinguished by their reactivity with NK1.1 and DBA. NK1.1 2 CD122 + DBA + uNK cells appear to be unique to the decidua and are functionally biased toward regulation of angiogenesis [10, 14, 15] . They are absent from virgin and preimplantation uteri (implantation occurs at gd 4.0-4.5 in mice) [16] [17] [18] . Uterine NK1. are present before implantation and decidualization [18, 19] , are more similar to splenic NK cells [11] , and produce most of the IFN-g found in the decidua basalis [10, 20] . IFN-g is critical for physiologic modification of maternal spiral arteries, a process completed between gd 9.5-12.5 in mice [20, 21] . Spiral arteries are the major conduits that bring nutrient-rich maternal blood toward the placental labyrinth, the maternal-fetal exchange area within the placenta that is present from gd 10.5 onward [22, 23] . Although many researchers have postulated that uNK cells interact with placentally derived trophoblasts that invade the maternal decidua basalis during its development [24, 25] , our studies of live, intact implantation sites at the time of implantation and early afterward (gd 4.5-8.5) do not support that hypothesis [4] . Study of hemisected implantation sites from murine matings by WM-IHC, which tagged all conceptusderived cells with GFP, showed that leukocyte interactions with trophoblasts did not occur before gd 9.5 [4] . At gd 9. 
MATERIALS AND METHODS

Mice
B6 males and females were purchased at 7-10 wk of age from Charles River Laboratories (St.-Constant, QC, Canada). CByJ.B6-Tg(UBC-GFP)30Scha/J (Gfp
) mice, with ubiquitous GFP expression, were purchased from The Jackson Laboratory (Bar Harbor, ME, USA) and bred to be homozygous Gfp/Gfp at Queen's University. CByJ.B6-Tg(UBC-GFP)30Scha/J(Gfp +/+ ) or B6 males were used as studs to breed B6 females. Matings were timed from copulation plug detection (gd 0.5). Females (virgin or pregnant at gd 3.5, 4.5, 5.5, 6.5, 8.5, or 9.5; n = at least 3 per group) were euthanized by cervical dislocation. Mouse handling was in accordance with the guidelines of the Canadian Council on Animal Care and conducted under animal care protocols approved by Queen's University.
WH-IHC
Implantation sites were studied using WM-IHC as described elsewhere [4] . Any sporadic, abnormally pale, or small implantation sites were excluded from the study. In brief, virgin and gd 3.5-9.5 pregnant uteri were trimmed of mesenteric fat and dissected under microscopic magnification with a scalpel blade. Virgin, and gd 3.5 and 4.5 uteri were bisected at the cervix, and each uterine horn was halved longitudinally along the antimesometrialmesometrial plane. At gd 5.5, individual implant sites were separated, and each was bisected midsagittally. From gd 6.5 to 9.5, antimesometrial myometrium was incised with fine forceps, retracted from the decidual capsule and trimmed off, leaving a tag of uterine wall for specimen orientation. Then, the decidual capsule and residual mesometrial uterine wall were bisected midsagittally. Samples were incubated in 200 ml PBS-1% BSA-0.1% sodium azide (PBA) for 1 h with 10 mg/ml blocking antibody to the IgG Fc receptor (anti-CD16/CD32; supernatant of hybridoma 2.4G2; American Type Culture Collection, Manassas, VA, USA) and 2-10 mg/ml of up to 3 differently conjugated fluorescent primary antibodies ( Table 1) .
For staining with DBA lectin, implantation sites were transferred to 200 ml fresh PBA after the initial 1 h incubation and incubated for a further 10 min with 30 mg/ml FITC-or 15 mg/ml TRITC-conjugated DBA lectin. All antibody combinations are outlined in Table 2 . Finally, 1 ml PBA was added, and samples were moved onto microscope slides with the cut surface facing upward to expose the embryonic crypt and coverslipped. 
Conjugate assessment
Epifluorescence images captured at 3200 magnification were analyzed for leukocyte conjugates. Leukocyte-leukocyte pairs were scored as conjugates when 2 CD45 + cells were in close contact, in the same plane of focus, and the cells' membranes were flattened at the point of intercellular contact (Fig.  1A) . 
Immunohistochemistry
Implantation sites collected from gd 8.5 B6 females (n = 3) were immersion fixed, using 4% PFA, processed, embedded in paraffin, cut into 6 mm sections, and mounted on glass slides. After staining (outlined below), the slides were viewed with an M1 imager and photographed at 3400 magnification with Axiovision 4.8 software (Zeiss). Dual staining of paraffin-embedded tissue sections with DBA lectin and PAS reagent. Slides were stained for uNK cell subset visualization according to published protocols for DBA lectin and PAS dual staining [12, 18] 
RESULTS
Assessment of synapse formation in CD45
+ leukocyte conjugates within gd 8.5 decidua basalis
In studies with anti-CD45 WM-IHC, CD45
+ cells in gd 8.5 decidua basalis of B6 and B6.Ncr1
Gfp/Gfp mice were shown to pair with other CD45
+ cells rather than with trophoblasts [26] . CD45 + /CD45 + cell pairs were in the same plane of focus, and each cell was flattened over shared points of contact, which fluoresced more intensely. This appearance (Fig. 1A , B) suggested immunologic synapse formation. To confirm this interpretation, we examined implant sites costained with anti-CD45 APC, anti-CD54 FITC, and anti-CD11a PE antibodies with confocal microscopy. All of the CD45 + cells participating in conjugation expressed either CD54 or CD11a (65% of all conjugates) or expressed both CD54 and CD11a (35% of all conjugates) at the site of cell contact (Fig. 1A ). These data indicate that the observed CD45 + /CD45 + cell conjugates are adhesion molecule-expressing, immune synapse-coupled cells.
Time course and frequency of CD45
+ /CD45 + cell conjugates in the decidua basalis
To address when CD45 + /CD45 + cell conjugates occur and whether their frequencies are stable, we conducted a time course study in virgin and pregnant mice from gd 3.5 to 9.5. CD45 + /CD45 + conjugates were extremely rare in virgin and gd 3.5 and 4.5 uteri (1.4 6 0.5, 1.5 6 0.1, and 1.9 6 0.1%, respectively, of all CD45 + cells counted; at least 500 CD45 + cells scored/uterus), but increased slightly to 3.3 6 0.8% on gd 5.5, the first day after embryo implantation ( 
CD45
+ cells) then fell to 9.8 6 1.6% by gd 9.5 ( Fig. 1C ). CD45 + leukocytes increased in diameter across early gestation, regardless of conjugation status. Thus, CD45 + /CD45 + leukocyte conjugates present in low numbers in virgin, preimplantation, and peri-implantation uteri, increase significantly in frequency within 24 h of blastocyst implantation and decline in frequency after gd 8.5.
CD31-expressing CD45
+ leukocytes are present across early gestation CD31, an adhesion molecule of the immunoglobulin gene superfamily formerly known as platelet endothelial cell adhesion molecule-1 is expressed by endothelial cells, platelets, and some immune cells [36] . In lymphocytes, CD31 expression is linked to cell activation, inhibition, promotion of transmigration, and angiogenesis [37] [38] [39] . Widespread CD31 expression by decidual CD45 + cells is detectable by [4, 26] . To determine whether CD31 expression is a prerequisite for decidual CD45 + cell conjugation, implantation sites were costained with anti-CD45 APC and anti-CD31 PE; the latter additionally stained endothelial cells within vessels, which become more complex as gestation progresses. Conjugated and unconjugated decidual leukocytes coexpress CD31 + CD45 + on the postimplantation gestation day studied (gd 5.5-9.5) ( Fig. 2A; Supplemental Fig. 1 
Two distinct uNK cell populations can be defined by WH-IHC in early decidua basalis
To assign lineage relationships among cells participating in conjugate formation and to determine whether these interactions are random, we had to define the frequencies of the most common CD45 + cell lineages in decidua basalis that could be phenotyped by WH-IHC. We expected uNK cells to be the dominant lineage but only had reagents for WM-IHC that identified DBA lectin + uNK cells, the transplantable uNK cell subset [12] . Studies were first undertaken to identify reagents reactive with the early, abundant PAS + DBA 2 uNK cell subset found in histologic sections (Fig. 3A) . ), whereas Ly49C/I + uNK cell frequency was 20.3 6 3.5%, a statistically significant drop from gd 6.5 (P = 0.01). At gd 9.5 DBA + uNK cell frequency remained higher than Ly49C/I + uNK cell frequency (43.5 6 6.2% vs. 20.5 6 5.0%, respectively; P = 0.005) (Fig. 3C) (Fig. 3A) , but this method is inferior to live cell WH-IHC for recognition and quantification of conjugated cell pairs (Fig. 3D) . Thus, the frequency of conjugates involving Ly49C/I + or DBA + uNK cells was addressed by WM-IHC. Ly49C/I + /Ly49C/I + homologous conjugates, which could represent dividing cells, were present in a small number in virgin (2.2 6 1.9% of all CD45 + cell conjugates) and in gd 3.5 (2.2 6 3.8%) uteri (Fig. 4A) . These conjugates increased nonsignificantly to gd 4.5 (5.6 6 1.9%) and gd 5.5 (10.0 6 2.0%) and then rose significantly to peak at gd 6.5 (16.6 6 8.4% of all CD45 + cell conjugates). After this time, Ly49C/I + homologous conjugates declined significantly to + /CD45 + cell pairs, but were never observed as 
DBA
+ /DBA + homologous conjugates (Fig. 4C, D Composition of uNK cell conjugates at gd 6.5 and 8.5
Because heterologous conjugates containing a single Ly49I/C + uNK cell or a single DBA + uNK cell are relatively abundant at gd 6.5 and 8.5, these time points were studied further to identify the CD45 + partners of uNK cells. Preliminary studies defined the frequencies of 5 leukocyte lineages detectable by WM-IHC (Fig. 5 ).
APCs reactive with MHCII antibodies were constant in frequency between gd 6.5 (12.0 6 1.7%) and 8.5 (12.7 6 0.6%; P = 0.561), as were the frequencies of CD68 + decidual macrophages (6.0 6 1.4% at gd 6.5 and 6.0 6 0.0% at gd 8.5; P = 0.99). A third group of potential APCs, CD11c + DCs, appeared to decrease between gd 6.5 (19.5 6 6.0%) and 8.5 (10.3 6 3.1%), but the decrease was not statistically significant (P = 0.062). T lineage cells were less frequent than APCs, with CD8 + cells accounting for 7.0 6 2.0% and 7.0 6 1.7% of all CD45 + cells at gd 6.5 and 8.5, respectively (P = 0.99). CD4 + T cells represented 5.3 6 1.2% of CD45 + cells at gd 6.5 and 8.7 6 2.9% at gd 8.5
(P = 0.137). Thus, with the exception of Ly49C/I + and DBA + uNK cells, major CD45 + decidual leukocyte populations appear to be stable between gd 6.5 and 8.5 (Fig. 5) .
Heterologous conjugation of cells expressing one of the 5 surface markers with either Ly49C/I + or DBA + uNK cells was assessed in samples costained for anti-CD45, anti-Ly49C/I, or DBA lectin and a third reagent (Table 2; Fig. 6 ). The 2 uNK cell subtypes were primary partners for each other in heterologous conjugates, with 1 cell identified as either Ly49C/I + or DBA + (Figs. 3D, 7) . Ly49C/I + /DBA + pairs formed 26.7 6 11.5% of heterologous uNK cell conjugates at gd 6.5 (Fig. 7A) for either uNK cell subset at gd 6.5 ( Fig. 7A ) (CD3 is not an effective reagent in mouse decidual WM-IHC.) There were no significant differences between Ly49C/I + or DBA + uNK cells in the frequencies of different heterologous conjugates formed at gd 6.5 (Fig. 7A) .
At gd 8.5, conjugations between the 2 uNK cell subsets represented 24.9 6 6.7% of all heterologous uNK cell conjugates (Fig. 7B) . This frequency was not significantly different from that of these interactions at gd 6.5 (P = 0.808), despite the significant increase in the DBA + uNK cell population between these 2 time points. Although frequencies of CD45 + leukocytes phenotypically classified as non-uNK cells were stable between gd 6.5 and 8. 6.5) and 5.6 6 6.4% (P = 0.507 vs. gd 6.5), respectively. Similar Ly49C/I + and DBA + conjugations with CD11c + cells were 3.3 6 5.2% (P = 0.012 vs. gd 6.5) and 6.5 6 7.7% (P = 0.452 vs. gd 6.5), respectively, and those with CD68 + cells were 5.9 6 5.2% (P = 0.223 vs. gd 6.5) and 7.5 6 9.0% (P = 0.508 vs. gd 6.5), respectively (Fig. 7B) . At gd 8.5, CD8
+ T cells were present in 18.5 6 8.3% of Ly49C/I + /CD45 + conjugates (P = 0.064 vs. gd 6.5) and 26.7 6 13.7% of DBA + CD45 + conjugates (P = 0.058 vs. gd 6.5) (Figs. 6E, 7B ). CD4 + T cells were partners in 10.0 6 2.9% of Ly49C/I + conjugates (P = 0.004 vs. gd 6.5) and 12.5 6 4.0% of DBA + conjugates (P = 0.006 vs. gd 6.5) (Fig. 7B) . TUNEL staining of tissue sections from gd 8.5 implantation sites revealed no evidence of apoptosis in stromal cells or leukocytes within the decidua basalis (Supplemental Fig. 2) , suggesting that heterologous leukocyte conjugations in the early decidua do not result in cell death. gd 6.5 and 8.5 CD45 + cell conjugates independent of uNK cells
As suggested by the stability of other phenotyped leukocyte lineages within gd 6.5 and 8.5 decidua (Fig. 5) , no homologous conjugates (putative proliferating cells) were observed between CD4 + , CD8 + , and CD68 + cells at gd 6.5. MHCII + and CD11c + homologous conjugates were present at low frequencies (0.5 6 1.0% and 0.7 6 1.2%, respectively). At gd 8.5, CD8 + and CD68 + homologous conjugates were still absent, MHCII + homologous conjugates remained low (0.5 6 0.9%), and CD11c + homologous conjugate frequency was 2.0 6 2.0% (P = 0.374 vs. gd 6.5). CD4 + homologous conjugates appeared at a frequency of 0.7 6 1.2% of all CD45 + conjugates accounting for the slight but nonsignificant increase in CD4 + leukocytes between gd 6.5 and 8.5. The cell lineages investigated in this study also participated in heterologous CD45
+ conjugations that did not involve uNK cells (Supplemental Fig. 3A-D) . Analyses of these uNK cellindependent heterologous conjugates focused on T cell interactions with CD11c + DCs. Although some murine decidual DCs express CD8a [40] [41] [42] , coexpression of the 2 markers had a frequency of ,1% in our WM-IHC, permitting analyses using costaining with anti-CD45 FITC, anti-CD11c PE, and either anti-CD4 (Supplemental Fig. 3E ) or anti-CD8 APC antibodies (Supplemental Fig. 3F ). No conjugations were observed between CD11c + DCs and either T cell subset at gd 6.5 (Supplemental Fig.  3E, F) 
DISCUSSION
The goal of this study was to determine the frequency, time course, and composition of leukocyte conjugates in early mouse decidua. Although CD45
+ leukocytes are present in the uterus before implantation and throughout early decidua, conjugated cell pairs appear only in decidua basalis, the site of leukocyte enrichment, during early to midpregnancy in mice. WM-IHC provides a more sensitive method for conjugate visualization than IHC studies of paraffin-embedded sections that cannot confirm direct leukocyte-leukocyte contact [43] , because of the possible transient nature of such conjugates [35] . Leukocyte conjugates were present infrequently in the pre-and peri-implantation + ,and MHCII + ), but to a lesser extent than at gd 6.5. There was no significant difference in conjugate composition between the 2 uNK cell subsets at gd 6.5 or 8.5. Data are means 6 SD. *P , 0.05, **P , 0.01 vs. gd 6.5. period and increased within 1 day of blastocyst implantation (gd 4.0-4.5) [44] , reaching peak numbers at gd 8.5. Phenotypes of conjugated leukocyte pairs were complex, but almost all conjugates included at least 1 cell, and most had 2 cells, with high expression of CD31. Acquisition of the CD31 high phenotype by CD45 + cells is reported in T, B, and NK cells as well as in granulocytes, dendritic cells, and macrophages [45] [46] [47] [48] [49] , and reflects activation and regulation of leukocyte immune responses [36, 45, 46, 49] . Dual staining with anti-CD31 and either antiLy49C/I or DBA lectin, confirmed that uNK cells expressed high levels of surface CD31. Many CD31 + decidual leukocytes remained as singlets, which suggests that cell activation occurs independent of synapse formation and that CD31 expression is not necessary for conjugate formation. Rather, acquisition of CD31 appears to reflect broad changes across the entire CD45 + cell population shortly after implantation and may represent endocrine or stromal influences.
The assessment of CD45 + leukocyte phenotypes by WM-IHC identified the majority (at least to 70%) of decidual leukocytes as uNK cells reactive to Ly49C/I or DBA lectin [17, 18] . These findings are consistent with data from previous FACS analyses [4] and IHC studies [50] . Both uNK cell lineages appeared to be highly proliferative, as assessed by the presence of homologous conjugates, which were rare in the other leukocyte lineages analyzed. The other leukocyte lineages had frequencies that were stable between gd 6.5 and 8.5 and at levels similar to those previously reported using other techniques. APCs, including DCs and macrophages, were the second most populous leukocytes [4, 5, 51] , whereas T cell frequencies were low [8, 9] . Throughout early gestation, conjugations were observed between Ly49C/I + and DBA + uNK cells. Both uNK cell subsets were present in the uterus from gd 5.5 to 12.5 and had relatively similar distribution patterns [12] . Indeed, DBA 2 and DBA + uNK cells frequently resided adjacent to each another in histologic sections of the decidua basalis (Fig. 4) [43, [54] [55] [56] [57] [58] and they are seen in other organs [59] , where a variety of outcomes are described. Because no decidual cell death could be detected in the decidua basalis, early decidual DC-NK cell interactions are more likely to result in cytokine production, for example trans-presentation of IL15, which may drive either uNK cell proliferation [60] or DC maturation [61] . Contact interactions mediated by receptor-ligand interactions are also recognized between monocytes/macrophages and NK cells, often in the context of enhancing NK cell responses to tumors or microbial pathogens [62] . Interactions between these lineages have not been well studied in either mouse or human decidua, but it is postulated that they dampen uNK cell cytotoxicity [55, 56, 63] . The recent documentation of trogocytosis by human uNK cells [64] enlarges the scope of potential outcomes for uNK cells that may result from interactions with other cell types. Published evidence also supports that uNK/DC interactions are regulatory for other cell lineages including T cells [65, 66] . By gd 8.5, uNK cell partners in conjugates shift away from APCs toward T cells. This timing is inconsistent with a role for T cell conjugation in either activation or deactivation of uNK cells, since uNK cells express CD31 by gd 6.5 and do not show degenerative signs until gd 12.5 [50] . Many model systems, however, show cross-regulatory activities between NK cells and T cells. For example, activated NK cells limit T cell expansion after hematopoietic stem cell transplantation by cytokine-based rather than lytic mechanisms [67] [68] [69] . Also, NK cell-T cell interactions are often addressed in the context of microbial infections or carcinogenesis, where NK-cell-mediated killing of activated CD4 + or CD8 + T cells is reported and associated with transient T cell acquisition of NK cell targets during the activation process [70, 71] . Reciprocally, CD4 + CD25 + T-regulatory cells suppress NK cell functions [72, 73] . The absence of detectable cell death in the decidua basalis (Supplemental Fig. 2) is consistent with studies in humans, which found that uNK cells lack the ability to polarize perforin granules to their surfaces [74] and suggests different outcomes for NK cell-T cell interactions. Regulation of T cell activity is considered essential for promotion of fetal tolerance [9, 58] . Our data, however, suggest that neither CD8 + nor CD4 + T cells are primed by APCs, particularly CD11c + DCs, in the early decidua basalis, because no conjugations are detectable between these lineages, at least from gd 6.5 to 8.5, when the maximum number of immune synapses are found. Although uterine draining lymph nodes are sites in which paternal antigen presentation occurs [42] , conjugation of T cells by decidual CD45 + cells may have distinctly different physiologic roles. One role that should be considered is in the modulation of blood pressure, which declines in mice from gd 5.5 to 9.5 and then rebounds to baseline [75] . Key roles for several CD45 + cell lineages are described in vascular regulation, with regulatory bypass culminating in hypertension.
The decidual leukocyte interactions described in this study reflect events occurring immediately after blastocyst implantation. This time of initial decidual differentiation and maturation is not generally accessible for study in humans and its complexity is not yet captured in decidua culture systems [76, 77] . Multiple lineages of CD45 + cells appear to interact with each another and with blood vessels [4] before significant trophoblast invasion into the decidua basalis. The outcomes from these interactions and their importance for optimizing placental bed development to support pregnancy are important areas for continued study. 
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